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Talk	  Outline	  

•  Introduc)on	  
•  Coopera)ve	  Networking	  for	  BAN	  
•  Effect	  on	  Link	  and	  Energy	  Efficiency	  
•  Body-‐Centric	  Radio	  Propaga)on	  

•  Channel	  Characterisa)on	  
•  Sta)s)cal	  Modelling	  

•  UWB	  System-‐Level	  Modelling	  for	  Low-‐Power	  
Applica)ons	  

•  Summary	  
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Introduc'on	  

•  Most	   current	   wireless	   Body-‐Centric	   Networks	   solu)ons	   depend	  
heavily	  on	  star	  network	  topology	  with	  limited	  means	  to	  overcome	  
obstacles	  and/or	  body	  shadowing	  of	  propaga)ng	  radio	  waves.	  

•  Thus,	   for	   reliable	   communica)ons	   an	   increase	   in	   power	  
consump)on	  is	  required,	  reducing	  baNery	  life.	  	  

•  This	   limita)on	   can	   be	   overcome	   by	   networks	   with	   sensor	  
coopera)ve	   capabili)es	   such	   as	   informa)on	   exchange	   between	  
neighbour	   devices	   and	   data	  mul)-‐hop	   rou)ng	   among	   the	   nodes	  
through	  the	  most	  efficient	  communica)on	  link.	  	  
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Mo'va'on	  

•  Developing	  a	  coopera)ve	  Body-‐Centric	  Wireless	  Networks	  
demonstrator	  for	  e-‐health	  applica)ons.	  	  

•  Maximize	  the	  minimum	  life)me	  of	  the	  system	  and	  es)mate	  the	  
Network	  energy	  saving	  and	  

•  Achieve	  various	  tasks	  in	  the	  cycle	  of	  antennas-‐radio	  channels-‐
system	  performance-‐implementa)on.	  	  

•  Comprehensive	  sta)s)cal	  channel	  modelling	  for	  body-‐centric	  
wireless	  communica)ons.	  

•  Evalua)on	  of	  system	  performance	  in	  various	  scenarios	  and	  
providing	  recommenda)ons.	  
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Example	  Applica'ons:	  BAN	  for	  ambulatory	  monitoring	  of	  
physiological	  responses	  	  
	  



6 Alomainy	  et	  al.,	  ‘Coopera've	  BAN’,	  FERMAT	  2014	  

Ini'al	  Test	  Se^ngs	  

•  A	  Sen)lla	  Perk	  sensor	  kit	  has	  been	  chosen	  to	  set-‐up	  a	  coopera)ve	  
Body-‐Centric	  Wireless	  Network	  at	  2.4	  GHz.	  

•  The	  system	  is	  IEEE	  802.15	  standard-‐compliant.	  

•  An	  power-‐efficient	  rou)ng	  algorithm	  has	  been	  implemented	  on	  
the	  top	  of	  the	  standard	  connec)on	  func)onality	  provided	  by	  the	  
Sen)lla	  	  Motes	  kit.	  

•  The	  rou)ng	  algorithm	  seeks	  to	  achieve	  minimum	  cost	  forwarding,	  
where	  costs	  are	  propor)onal	  to	  the	  path-‐loss.	  

•  Moreover,	  it	  aims	  to	  provide	  implementa)on	  simplicity,	  data	  
processing	  lightweight,	  and	  network	  scalability.	  
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Wearable	  Units	  

u  A  market available  sensor kit has 
been used.   

u  Sensor prototype have been in-
house built and ready to work. 

u  In-house system design allows to 
test different antennas 

Capability Sensor (Sentilla) 
RAM (kB) 512 

Flash (kB) 4096 

Speed (MHz) 8 

Active (mA) 4 

Idle (mA) 1 

Sleep (uA) 1 

Architecture 16-bit 

The table shows the Sentilla Motes hardware 
characteristics. The Motes embeds a CC2420 802.15.4 
Radio, MSP430 microcontroller and several analogue 
sensors, including a 3-axial acceleration sensor. 
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Mul'-‐Thread	  Implementa'on	  
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A routing msg received is the trigger event  
variable time for optimal routing discovering or 
update  

§  Simplify the 
management of routing 
and payload massages.  

§  The data rate is 75byte/
1500ms=0.05/s. 
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Measured	  Body-‐Centric	  Links	  

§  A	  sample	  on-‐body	  real	  case	  scenario	  
is	  selected	  for	  test	  evalua)on.	  No	  
movements	  were	  allowed.	  

§  The	  transmiNed	  power	  (expressed	  in	  
dBm)	  is	  constant	  and	  equal	  to	  0	  dBm	  
for	  all	  motes.	  	  
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Topologies	  and	  Power	  Margins	  
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§  The	   Network	   	   Power	   Gain	  
(NPG)	  can	  be	  related	  to	  the	  
minimum	   power	   margins,	  
es)mated	   against	   the	  
receiver	  threshold	  -‐95dbm.	  	  

§  Minimum	   power	   margins	  
are	  20	  dB	  and	  26	  dB	  for	  the	  
s t a r	   and	   coope ra)ve	  
topology,	  respec)vely.	  	  
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Ini'al	  Network	  Test	  results	  

•  These	  values	  	  can	  be	  translated	  
as	  6	  dB	  NPG	  for	  the	  coopera)ve	  
network.	  	  

•  The	  NPG	  depends	  on	  the	  
par)cular	  displacements	  	  
scheme	  and	  the	  number	  of	  the	  
sensors	  on	  the	  body.	  

•  The	  coopera)ve	  rou)ng	  
processing	  overhead	  does	  not	  
degrade	  the	  sensors	  
performances.	  	  

•  A	  Sensors	  synchroniza)on	  can	  
avoid	  the	  packet	  collision,	  
eliminate	  the	  packet	  loss	  
plateau,	  and	  increase	  the	  
network	  reliability.	  

Performances comparison of the two network 
topology.  
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Modified	  System	  Set	  up	  

Displacement	  map	  of	  sensor	  	  
sensors	  on	  volunteer	  body	  

Sen$lla	  Mote	  used	  for	  this	  research.	  The	  Motes	  
embeds:	  
-‐a	  CC2420	  802.15.4	  Radio,	  	  
-‐MSP430	  microcontroller	  
-‐several	  analogue	  sensors,	  including	  a	  3-‐axial	  
accelera$on	  sensor.	  	  
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stream (binary form), so they can be sent and received over 
the radio. Thus, the actual time required to transmit data itself 
is < 100 ms. The sensor sleeping time is TS and it varies 
according the synchronizations, while the active time is 
defined as TA=TTX+TP, where TP is ~72ms.  

In case of relay operations, the sensor sets itself on 
receiving mode (according the wake-up timer) for a maximum 
time of ௐܶ, forwards the packet to the next sensor within  ்ܶ, 
and sets itself back in sleeping mode. The receiving mode 
includes the two listening and data receiving tasks. As some 
drifts in synchronization can occurs and ௐܶ can expired before 
the transmission is successfully completed, ௐܶ>TTX is chosen 
to introduce a safety time margin. The value of r depends also 
on the sensors speed to decode the received data packets 
within ௐܶ; a sensor sink with a faster processor would 
possibly allow a smaller ௐܶ. Finally, the sink switches 
between two sequential tasks, namely setting itself at 
scheduled time on receiving mode for a maximum of Tw, and 
performing the received data processing during TPR. The path 
losses are estimated during the phase 1, and there is no mean 
to refresh these values until the next topology update. 
Moreover, the topologies updates cannot be as frequent as the 
link variations.  

Therefore, the transmit power should be selected taking 
into account a power margin M to guarantee the RSSI being 
above the sensitivity threshold (e.g. -95 dBm [22]) during the 
transmission phase for a given probability (e.g. 99% [9]) 
according to the link statistics (e.g. variance). The available 
power margin at each link can be expressed in dB as ܯ =
்ܲ
 െ ܵோ െ  , ܮ

 
 

 
Fig. 2. Packet data communication tasks for a (A) transmit sensor, (B) relay 

sensor and sink sensors operation modes (time blocks are not in scale) 

where ܵோ is the sensitivity, ܮ is the path loss, and ்ܲ
 is the 

maximum transmit power (e.g. ~0 dBm). Although the 
alignment conditions of the antennas might be different for 
sensors individual positions, it was not possible to de-embed 
from the ܮ term the antenna gains as the antenna 
characteristics were highly affected by human body. The 
margin M can be linked to the channel statistics considering 
 , as the path loss random variable given by LP=LAVG+LSܮ
where ܮீ  the value predicted by the average path loss 
model, and the shadowing component ܮௌ is modelled as zero-
PHDQ�*DXVVLDQ�UDQGRP�YDULDEOH�ZLWK�VWDQGDUG�GHYLDWLRQ�ı. In 
order to provide link communications with a given percentage 
reliability, an extra margin ܮௌ = ݐ ή  has to be added. The ߪ
value of t can be calculated according to  
 
ݐ = ξ2 ή ଵ[2ି݂ܿݎ݁ ή (1 െ  (3)    [(

where ݁ି݂ܿݎଵ is the inverse of the standard cumulative error 
function and p is the percentage of link reliability required [9].  
Selecting the same p per each link, the end-to-end reliability 
for q hops is merely pq. However, this relation is based on the 
fundamental assumption of link statistics independency, 
currently being investigated. In [19] is presented a sensor 
energy model as function of the specific transceiver 
characteristics, the size of the data packets, and the bandwidth 
used. The following equations represent the energy used per a 
unit of bit information when a data packet is transmitted (4) or 
received (5),  
 
෨௧௫ܧ = ܸ ή )௧௫ܫ ்ܲ) ή  (4)    ݒ
 
෨௫ܧ = ܸ ή ௫ܫ ή  (5)     ݒ
 
where V is the transceiver typical supply voltage, v is the 
bitrate, and ܫ௧௫( ்ܲ) and ܫ௫ are the transmit and receive 
currents, respectively. The transmit current is a non-linear 
function of the transmit power ்ܲ , and a 3rd order polynomial 
interpolation has been used to model data from the CC2420 
chipset datasheet [21]. Equation (6) shows the interpolating 
functions:  

 
)௧௫ܫ ்ܲ) = 4 ή 10ିସ ή ்ܲ

ଷ + 3 ή 10ିଶ ή ்ܲ
ଶ + 0.9 ή ்ܲ + 17.4

 (6) 

 where  ்ܲ is expressed in dBm and the current in mA. The 
ability to control the transmission power is available on the 
CC2420 radio platforms, providing 8 transmission levels 
ranging from í��� to 0 dBm output and selectable at run-time 
by configuring a register. This would correspond to 8 values 
of transmit power ்ܲ . The transmit currents would depend on 
M required at each link, while the receive current is constant. 
Thus, to transmit k bit with a given transmit power ்ܲ  the 
radio expends ܧ௧௫ = ෨௧௫ܧ ή  ݇, while to receive this message, the 
radio expends ܧ௫ = ෨௫ܧ ή  ݇. Equation (4) can be used to 
describe the energy expended in transmitting a k-bit message 
with power  ்ܲ . In case of MH, the relay sensor would require 
receiving, retransmitting data from neighbour sensors and 
transmitting its own data. The total energy consumed is: 

௧௧ܧ = ෨௧௫ܧ]} + [෨௫ܧ ή  ݊ + {෨௧௫ܧ ή  ݇   (7) 

where n is the number of neighbour sensors. It is assumed that 
all sensors transmit the same message size and the received 
message has the same size of the transmitted message. As the 
extra energy dissipated during overhead processing (data 
generation, data serializations, etc.) and the media access 
control (MAC) related (such as the waiting time ௐܶ) are not 
considered, equation (7) provides more general results as the 
energy is approximate using only the network topology, the 
transmitted power, the chipset implementation, the bitrates and 
the target reliability. The tree topology and the resulting 
higher forwarding overhead make the sensors near the sink 
consume more than those further away. For a given path loss 
ܮ , ்ܲ is proportional to ܯ .  As each sensor in this study 
transmit its own ECG biomedical data, the network lifetime 
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Network	  Topology	  Characterisa'on:	  Link	  Cost	  

Link Costs based on Averages RSSI /RF powers in dBm  
for sitting postural set-up 



14 Alomainy	  et	  al.,	  ‘Coopera've	  BAN’,	  FERMAT	  2014	  

Network	  Topology	  Characterisa'on:	  Link	  Cost	  
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definition. We borrow the analytical model used in [6

ܶ = 
{[ா෨ೣାா෨ೣ]ή ାா෨ೣ}ή        (8) 

] to 
calculate the sensors and the network lifetime. Each sensor is 
assumed to have an initial battery energy Bi. Then, the lifetime 
of a sensor i is given by 

 
where r is the sensor flow rate. The sum of sensor flow rates 
(e.g. at the sink input) is indicated as network flow rate R. As 
each sensor in this study transmit its own ECG biomedical 
data, the network lifetime is based on the first sensor failing 
time Tnet  (e.g. minimum lifetime): 
 
ܶ௧ = ݉݅݊{ ܶ} ݅ ݎ݂       , א ܰ.       (9) 

 
The network packet delivery ratio (NPDR) is derived as the 
average of all sensors PDRs.  
 
 

III. RESULTS AND DISCUSSION 

This section presents the results of the real-world tests. 
Considering the nearly-static posture of the patient, each body 
link has been preliminary characterized in terms of measured 
average RSSI; data are stored in the sensors memory and 
associated to each link before the experiments. As the links 
costs are now fixed, a single network cycle TN is enough for 
each test. This approach has the benefits of results 
repeatability, the use of the same network topology for 
comparing the MH and SH scheme performances and a 
separate analysis of the packet lost due to the synchronization 
drifts from those lost due to the PRF dropping below the 
sensitivity threshold. Once the NPDR and data flow rates are 
measured, the sensor energy consumption is modelled offline 
and studied as function of M.  

A. Network topologies and Body links characterization 
A preliminary characterization of the network topology in 
terms of link cost and time variability is performed. Per each 
link i-j (e.g. ɀij), a data packet was sent every 1 second at 0 
dBm of transmit power, for an observation time of 2 minutes. 
Each measurement was repeated 3 times and data were 
merged in a single history vector for each link. Per each 
packet, a RSSI measurement based on the Zigbee standard 
was stored and the path losses statistics are derived these 
values. The volunteer was allowed to perform changes in the 
posture as naturally happens in such scenario while taking 
measurements, Fig. 3 shows the averaged RSSIVAL and PRF. 
Higher RSSI values correspond to a lower link costs. In case 
of SH scheme, the sensors 1, 2, 3, and 4 can only transmit 
directly to the sink. In case of MH scheme, the routing 
protocol sets the sensor 1, 2 and 4 to communicate directly to 
the sink, as these links have a lower link cost compared to any 
other MH link combination. The sensor 3 transmits to the 
sensor 4 and the latter acts as relay. In fact, considering 
RSSIVAL, the ܁ link cost (where S stands for sink) is higher 
than the sum of  and ܁ link costs (e.g. (-16) + (-9) <-30). 

This results in for the sensor 3 of M value 14 dB higher if 
compared to the SH case. As discussed before, only the 4 links 
relative to the sink are of interest for both MH and SH, while 
 is of interest for MH only. The LS time histories of these 
links are shown in Fig. 4, while Table I shows the statistical 
parameters. The VWDQGDUG�YDULDWLRQ�ı�VSDQs from 5 to 8.1 dB, 
while the power range is up to 66 dB.  

B. Network packet delivery ratios and data flow rate 
performances  

From Table I, the sensor 3 links have ܯ of 20 and 34 dB for 
the MH and S+�FDVH��UHVSHFWLYHO\��0RUHRYHU��ı�LV�����DQG�����
dB for the Ȗୗଷand Ȗଷସ cases, respectively. According to 
equation (3), the probability of exceeding ܯ (or link blockage 
probability) is about 7·10-3 for the SH and about 5·10-12 for the 
MH case. Thus, a Ȗୗଷ blockage is significantly more likely 
than a Ȗଷସ link blockage. Fig. 5 shows the NPDR (primary y-
axis on the left) and R (secondary y-axis on the right) for 
Ȗୗଷwith and without link blockage. The results are compared 
with the MH NPDR and R with no link blockage on the Ȗଷସ 
link. The cases for Tw=93.75 and 250 ms are considered. The 
NPDR is > 0.9 for both MH and SH schemes with no links 
blockage. In case of MH network, it is shown the capability of 
sensor 4 to receive and route to the sink at least the data from 
the sensor 3 with a PDR comparable (e.g. ܴܲܦ > 0.9) to the 
SH case with no blockage. In case of Ȗୗଷ link blockage, the 
SH PDR degrades of about 23% compared to the MH with no 
link blockage for both Tw cases, while the SH R reduction is 
21% and 25% for the Tw case of 93.75 ms and 250 ms, 
respectively. This means that the MH topology can be used to 
overcome SH link blockages theoretically without NPDR 
degradation, as the MH lower r compared to SH scheme is 
merely due to the synchronization basic approach discussed 
beforehand and it will be deepened later in this section. 

As mentioned in Section II, the PDRs (and consequently 
the data flow rates) depend directly on the ௐܶ  value. For this 
reason, both the PDRs and r are preliminary studied against 
ௐܶ to maximize the data r while keeping at minimum the 

packet losses. Fig. 6 compares the measured NPDR (primary 
y-axis on the left) and the flow rates R and r (secondary y-axis 
on the right) against Tw for a MH and SH schemes with the 
link costs as defined in Table I. For T  93.75 ms, 
NPDR is  0.9 in both schemes. 

TABLE I: Average path loss, available margins and statistical parameters of 
 per each link of interest 

Link ܮீ[dB] ܯ[dB] 
 ௌ [dB]ܮ

 .Range Min. Max ߪ

 ௌଵ -44 24 7.2 53 -31.4 21.52ߛ

 ௌଶ -62 42 6.7 43 -25.11 17.89ߛ

 ௌଷ -75 20 8.1 66 -23.02 42.98ߛ

 ௌସ -54 34 7.4 44 -21.57 22.43ߛ

 ଷସ -61 41 5.0 32 -21.33 10.67ߛ

 

•  Extra	  power	  margin	  Is	  needed	  to	  guarantee	  the	  RSSI	  to	  be	  above	  the	  sensi)vity	  
threshold	  during	  the	  observa)on	  )me	  for	  a	  given	  probability	  (e.g.	  ≥99%)	  

•  M0	  =	  PT0	  -‐	  SR	  -‐	  LP	   	  	  
•  SR	  is	  the	  sensi)vity,	  LP	  is	  the	  path	  loss,	  and	  PT0	  is	  the	  maximum	  transmit	  power	  

(e.g.	  ~0	  dBm).	  	  

•  LP	  =	  LAVG	  +	  LS	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  LAVG	  the	  value	  predicted	  by	  the	  average	  path	  loss	  model,	  and	  the	  shadowing	  

component	  LS	  is	  a	  zero-‐mean	  Gaussian	  random	  variable	  with	  standard	  
devia)on	  σ.	  	  
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Network	  Topology	  Characterisa'on:	  Time	  Variability	  

Sample 𝐿𝑆 history during the first 100 measurement seconds with 
sampling rate of 1 second  
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Network	  Topology	  Characterisa'on:	  Power	  Consump'on	  

Average	  power	  consump)on	  against	  margins	  for	  mul)-‐hop	  (MH)	  and	  single-‐hop	  (SH)	  	  

S4-MH 

S3-SH S3-MH 

4 dB 

14 dB 
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Network	  Packet	  Delivery	  Ra'o	  

•  The	  MH	  low	  throughput	  is	  due	  to	  the	  synchroniza)on	  approach	  used.	  	  
•  In	  case	  of	  S3-‐sink	   link	  blockage,	   the	  SH	  PDR	  degrades	  of	  about	  23%	  compared	  to	  the	  

MH	  with	  no	  link	  blockage	  for	  both	  Tw	  cases,	  while	  the	  SH	  throughput	  reduc)on	  is	  21%	  
and	  25%	  for	  the	  Tw	  case	  of	  93.75	  ms	  and	  250	  ms,	  respec)vely.	  	  

•  This	   means	   that	   the	   MH	   topology	   can	   be	   successfully	   used	   to	   overcome	   SH	   link	  
blockages.	  	  
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Network	  Life'me:	  Single	  vs.	  Mul'-‐Hop	  
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TABLE II: Energy consumed for 75 bytes payload packets estimated for ܯ 

Sensor  1   
SH/MH 

2   
SH/MH 

3   
SH 

3   
MH 

4   
SH 

4   
MH 

 ௫  (µJ) 0 81.2ܧ
 *௧௫ (µJ) 75.1 150.2ܧ
Etot (µJ) 75.1 231.4 
 (dB) 51 34 20 34 41ܯ

*includes also data forwarded from sensor 3 

Table III shows the power margins (indicated as ܯ.ଽଽ) 
estimated using ı from Table I and the corresponding Etot 
derived from Fig. 7. As ܯ.ଽଽ <   for every link, both MHܯ
and SH schemes are suitable to provide a link reliability of 
99%, although ܧ௧௧ for SH is about 221% higher than the MH 
case. However, it is sufficient a ܮ raise of just 1.2 dB (due to 
a change in link variability ı�and/or a path attenuation ܮீ) to 
make the SH links not reliable at 99%. In case of MH scheme, 
it would need a ܮ raise of 22.4 dB to have a comparable 
impact. 

D. Network Lifetime 
Fig. 8 derives from equations (8) and (9) the Tnet for MH and 
SH schemes for a M ranging from 0 dB to 20 dB 
(corresponding to the maximum M0 for the sensor 3 in the SH 
scheme). Tnet corresponds to the lifetime of sensors 3 and 4 for 
MH and SH schemes, respectively (as they have the shortest 
lifetime for all the M range). The initial total energy of each 
 
 
 

TABLE III: Power margins and energy consumptions for 99% link reliability. 
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3  
MH 

4  
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4  
MH 

 .ଽଽ(or Lୗ) (dB) 16.7 15.6 18.8 11.6 17.2 17.2ܯ

 .ଽଽ (µJ) 37.1 42.5 75.3 42.5 42.5 166.1ܯ ௧௧ atܧ

 
sensor is set to be Bi=B=1 J, consistently with previous 
works1

 
1 However, two 1.5 V batteries rated at 575 mAh used for each sensor would 
lead to an initial energy of several thousand Joules. 

 [27]. The energy per unit of bit information values for 
receiving and transmitting at PT=0 dBm (e.g. Erx and Etx) are 
given in section IV-C, and it is assumed n=1 and r=0.7 Kbps 
(as from section IV-B). Although the measured r is different 
for the MH and SH schemes, the same value is considered in 
both schemes for consistency. The SH scheme lifetime spans 
from 5.6 to 3.2 hours according the M, while the MH one 
spans only from 1.5 to 1.4 hours. Assuming the same M for 
both sensors, the network lifetime of the MH network ranges 
from 27% to 45% percentage of the SH Tnet. However, the 
lifetime corresponding to a link reliability 99% ܶ௧

ଽଽ%, worked 
out by simply comparing Fig. 8 against the sensor 3 for SH 
and sensor 4 for MH scheme entries of Table III. As ܯ =
18.8 dB provide a  T୬ୣ୲ଽଽ% = 3.1 hours for SH network, and 
ܯ = 17.2 dB provide an T୬ୣ୲ଽଽ% =  1.6 hours for the SH, the 
MH lifetime corresponds to 51% of SH one.  

 

Fig. 5: NPDR and R for the MH and SH schemes with Ȗୗଷ blockage  Fig. 6: NPDR, R and r against Tw for MH and SH schemes. 
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Fig. 8: Lifetime T୬ୣ୲ for MH and SH compared against M for r=0.7 Kbps 
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Fig. 8: Lifetime T୬ୣ୲ for MH and SH compared against M for r=0.7 Kbps 

•  Network	  life)me	  of	  the	  MH	  
network	  is	  reduced	  by	  25%	  to	  
45%	  compared	  to	  SH.	  	  

•  Tnet	  corresponds	  to	  the	  
life)me	  of	  sensors	  S3	  and	  S4	  
for	  SH	  and	  MH	  configura)ons	  
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UWB	  BAN	  Sta's'cal	  Channel	  Modelling	  

•  Radio	  channel	  characteris)on	  for	  UWB	  on-‐body	  and	  off-‐body	  
channels	  based	  on	  frequency	  domain	  measurements.	  

•  Deriving	  a	  stochas)c	  channel	  model	  based	  on	  a	  large	  number	  of	  
receivers	  regularly	  displaced	  all	  over	  the	  body.	  	  

•  The	  sta)s)cal	  distribu)on	  of	  channel	  parameters	  is	  es)mated	  
by	  using	  jointly	  the	  Kolmogorov-‐Smirnov	  (KS)	  and	  Second	  Order	  
Akaike	  (AICc)	  criteria.	  	  

•  The	  addi)onal	  informa)on	  retrieved	  by	  this	  approach	  is	  
compared	  to	  a	  standalone	  use	  of	  KS	  or	  AICc	  standalone	  
criterion.	  
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Channel	  Measurement	  Se^ng	  

(a) (b) 

Receiver	  
Range	  

Reference	  

1-‐55	   LOS	  

56-‐109	   NLOS	  

1-‐109	   Generic	  

1-‐24	   Waist-‐to-‐
chest	  
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Channel	  Measurement	  Se^ng	  

Frequency domain 
measurement settings 

Data Pre-Processing 
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Channel	  Test	  Results	  (KS	  and	  AIC)	  

	  
KS	  criterion	  AND	  AICc	  
TESTS	  PASSING	  RATE	  
(%)	  	  
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Performance	  vs.	  On-‐body	  Loca'on	  

Various Energy-to-Noise ration to determine optimum Eb/No for 
low-power system 

Q. H. Abbasi, A. Sani, A. Alomainy  and Y.  Hao, “Radio Channel 
characterization and system-Level Modeling for Multiband OFDM  Ultra 
Wideband Body-Centric wireless networks”, IEEE Transactions on 
Microwave Theory and Techniques, Vol. 58, no. 12, pp. 3485-3492. 
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BER	  Results	  for	  all	  scenarios	  

System outage percentage for 
different body parts at Eb/No= 4 dB 
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Next	  step:	  Real-‐Life	  Implementa'on	  

•  Using	  sogware-‐defined	  radio	  development	  kit	  
•  ENus	  Research	  Universal	  Sogware	  Radio	  Peripheral	  (USRP)	  
Boards	  

•  Tes)ng	  of	  coopera)ve	  concept	  and	  channel	  sensing	  
•  Reconfigurable	  antennas	  designed	  and	  fabricated	  by	  PhD	  student	  

to	  be	  integrated	  with	  the	  test	  plahorm	  
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Summary	  
•  The	  coopera)ve	  scheme	  requires	  6	  dB	  	  less	  power	  to	  achieve	  the	  same	  

performance	  as	  the	  non-‐coopera)ve	  scheme.	  

•  For	  a	  acceptable	  packet	  delivery	  ra)o,	  mul)-‐hop	  (MH)	  scheme	  can	  
provide	  the	  network	  with	  a	  link	  gain	  up	  to	  14	  dB	  traded	  off	  with	  an	  
energy	  demand	  up	  to	  30.7%	  higher.	  	  

•  The	  average	  power	  offsets	  of	  MH	  network	  against	  a	  SH	  depend	  on	  
several	  parameters	  	  
•  The	  most	  significant	  parameter	  seems	  to	  be	  the	  ra)o	  between	  transmit	  

and	  receive	  power	  consump)on.	  This	  ra)o	  depends	  on	  the	  chipset	  
characteris)cs.	  	  

•  Inves)ga)on	  of	  best	  sensors	  loca)ons	  to	  op)mize	  the	  energy	  
consump)on	  within	  the	  coopera)ve	  topology.	  

•  This	  work	  is	  a	  first	  exercise	  step	  in	  assessing	  reliability	  and	  life	  )me	  
trade-‐off	  with	  real-‐world	  coopera)ve	  ECG	  systems	  for	  body	  area	  sensor	  
networks.	  	  
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